Rearrangements of the mixed-lineage leukemia (MLL) gene occur predominately in pediatric leukemia cases and are generally predictors of a poor prognosis. These chromosomal rearrangements result in fusion of the protein MLL to one of more than 60 protein partners. MLL fusions are potent inducers of leukemia through activation of oncogene expression; therefore, targeting this transcriptional activation function may arrest MLL-rearranged (MLL-R) leukemia. Leukemic cell lines harboring the most common fusion protein, MLL-AF4, require the direct interaction of AF4 with the transcription factor AF9 to survive and selfrenew; disrupting this interaction with a cell-penetrating AF4-derived peptide results in cell death, suggesting that the AF4-AF9 interaction could be a viable target for a novel MLL-R leukemia therapy. Here we describe the use of AlphaScreen technology to develop a highthroughput screening (HTS) assay to detect nonpeptidic inhibitors of AF4-AF9 binding. The assay is economical, requiring only low nanomolar concentrations of biotinylated AF4-derived peptide and FLAG-tagged AF9 in low-volume 384-well plates. A Z 0 -factor of 0.71 and a signal-tobackground ratio of 21.3 showed the assay to be robust, and sensitivity to inhibition was demonstrated with competing AF4-derived peptides. Two pilot screens comprising 5,680 compounds served as validation for HTS at Nemours and the Broad Institute. Assay artifacts were excluded using a counterscreen comprising a biotinylated FLAG peptide. This is the first reported HTS-compatible assay to identify compounds that
INTRODUCTION
A s part of the Nemours Center for Childhood Cancer Research, the High-Throughput Screening and Drug Discovery Lab is focused on the discovery of novel chemical probes to explore the ways in which the biology of pediatric cancer differs from that of adult malignancy; our ultimate goal is to develop targeted therapeutics for these devastating diseases. In the past 30 years, few new anticancer agents have been approved for use in pediatric patients, and survival in very high-risk patient groups remains poor despite intensive cytotoxic therapies. Rationally designed drugs have benefited adults, but with the exception of BCR-ABL-positive leukemias, targeted therapies have so far done little to improve pediatric outcomes. 1 Recently, research into the mechanistic basis for pediatric cancer has begun to uncover defined molecular targets, raising the possibility of treatment by specifically designed drugs. A major focus of our pediatric cancer research is leukemia resulting from specific chromosomal rearrangement of the mixedlineage leukemia (MLL) gene. MLL-rearranged (MLL-R) leukemia is a particularly aggressive cancer that occurs predominately in children. MLL rearrangement is found in 2-8% of pediatric acute lymphoblastic leukemia (ALL) and 10-20% of acute myeloid leukemia (AML), including up to 80% of infant ALL and therapy-related secondary AML. While other types of childhood acute leukemia boast event-free survival rates approaching 80-90%, the prognosis for children suffering from MLL-R leukemia is particularly dismal. 2 For infants in particular, conventional chemotherapy regimens often fail, leading to a five-year event-free survival rate of only 34%. 2, 3 Thus, specifically targeted novel therapies are urgently needed. MLL is a large multidomain protein commonly expressed in hematopoietic cells. In normal cells, MLL, a histone methyltransferase, is responsible for methylating the lysine 4 residue on histone 3 (H3K4) and regulating the expression of genes that have a crucial role in the development of the hematopoietic system. In leukemic cells, chromosomal rearrangements lead to loss of the C-terminal methyltransferase domain of MLL, giving rise to oncogenic fusion proteins comprising the Nterminus of MLL linked to one of more than 60 partner proteins (Fig. 1A) . 4 MLL fusions are potent inducers of leukemia; through mechanisms that are still under investigation, the fusion proteins cause abnormal expression of the MLL target genes, notably the homeobox (HOX) genes. [5] [6] [7] The HOX genes regulate normal hematopoietic cell differentiation and must be appropriately induced and suppressed at different stages in blood development to ensure normal hematopoiesis. Overexpression of the oncogene HOXA9 in particular is repeatedly found in MLL-R leukemia. A loss of the control of gene expression at a critical stage in hematopoietic development blocks differentiation of hematopoietic cell progenitors, which acquire the capacity for unlimited self-renewal, leading to malignant transformation. 2, 7 Recent studies have revealed that MLL fusions affect gene expression by recruiting a complex of proteins, including several transcription factors and the histone methyltransferase DOT1L, which regulate the activity of RNA polymerase II during transcriptional elongation. 2, 8, 9 Therefore, disruption of one or more of the key protein-protein interactions within the transcriptional elongation complex may block MLL-R leukemia and restore normal hematopoietic differentiation. Although numerous fusion partners for MLL have been discovered, five transcription factors account for 80% of MLL fusions. MLL-AF4 is the most common fusion; in infants, it alone accounts for half of the leukemia cases, and is associated with the worst prognosis. 10, 11 We decided to focus our initial probe and drug discovery efforts on MLL-AF4 due to its importance in high-risk pediatric leukemia and based on published work validating the interaction of MLL-AF4 and the transcription factor AF9 as a potentially important target. Hemenway and coworkers found that the direct interaction between AF4 and the transcription factor AF9 is required for proliferation and survival of leukemic cell lines harboring the MLL-AF4 fusion. 12, 13 Yeast two-hybrid assays identified a 12-amino-acid sequence in AF4 that binds to the Cterminus of AF9. They also reported that a 10-amino acid peptide sequence derived from the AF9-binding site of AF4 was sufficient to inhibit binding of AF9 to AF4 with a single-digit nanomolar half-maximal inhibition concentration (IC 50 ) potency in an enzymelinked immunosorbent assay. Moreover, a cell-permeable penetratincontaining peptide (penetratin-LWVKIDLDLLSRV) was shown by fluorescence microscopy to disrupt intracellular AF4-AF9 binding. This cell-penetrating peptide caused leukemia cell lines harboring the MLL-AF4 fusion to undergo cell death; it was not toxic to normal hematopoietic cells. 13, 14 Further studies demonstrated synergism between the AF9-binding peptide and conventional chemotherapeutic agents in the selective killing of leukemia cells containing MLL-AF4. 14, 15 The peptide work of Hemenway and coworkers demonstrates that targeting the AF4-AF9 interaction could be a viable therapeutic strategy against leukemias harboring MLL-AF4 fusions and provides proof of principle for our small-molecule drug discovery efforts. The relatively small size of the peptide that inhibits the AF4-AF9 binding interaction suggests that it should be possible to identify small nonpeptidic AF9 antagonists. 16 To this end, we have designed a high-throughput screening 
MATERIALS AND METHODS

Reagents
Potassium phosphate monobasic, potassium phosphate dibasic, sodium chloride (NaCl), and Tween-20 were obtained from Fisher Chemicals (Waltham, MA). Phosphate-buffered saline (PBS; pH 7.4) was made up to a final concentration of 1.47 mM potassium phosphate monobasic, 4.3 mM sodium phosphate dibasic, 2.7 mM potassium chloride, and 137 mM NaCl. Gray, 384-well AlphaPlates SW, 7.5% bovine serum albumin (BSA), and AlphaScreen FLAG detection kit (Catalog no. 6760613C) containing anti-FLAG-coated acceptor beads and streptavidin donor beads were purchased from Perkin Elmer. Biotin-FLAG peptide used in the counterscreen was from Perkin Elmer or Biomatik (Wilmington, DE; sequence: Biotin-GGSGGSGGSGGSGGS GGDYKDDDDK). The N-terminal biotinylated AF4 27-mer (residues 748-773), representing the AF9-binding region of AF4 (Fig. 1A) , and nonbiotinylated peptides (Table 1) were from Biomatik. We chose to use these peptides to replicate the results found by Srinivasan et al. 13 The AF9 protein possessing a C-terminal FLAG tag was custom-expressed and purified by Origene (Rockville, MD). Corning 3095 microplate sealing tape was obtained from Fisher Scientific (Morris Plains, NJ).
Compound Libraries
The Spectrum Collection compound library containing 2,000 U.S. Food and Drug Administration-approved drugs and bioactive natural products at 10 mM concentration in dimethyl sulfoxide (DMSO) was obtained from MicroSource, Inc. (Gaylordsville, CT). 17 The library was reformatted into polypropylene V-bottom 384-well microplates obtained from Greiner BioOne (Catalog no. 781280; Monroe, NC) at 4 mM in DMSO. The Natural Products Library (NPL) and Natural Derivatives Library (NDL) were obtained from TimTec (Newark, DE). 18 The NPL contained 680 natural products, and the NDL contained 3,000 synthetic compounds whose design is based on natural product-derived scaffolds. The compounds from these libraries at 10 mM in DMSO were reformatted from 96-to 384-well plates and diluted to 2 mM with DMSO in polypropylene round-bottom plates from Nalge Nunc International (Catalog no. 264573; Rochester, NY).
Assay Development and Optimization
For initial assay development, we performed a cross-titration of AF9-FLAG and biotin-AF4 27-mer. AF9-FLAG (3 mL) and biotin-AF4 27-mer (3 mL) were added to the wells containing 4 mL water/0.01% Tween-20. Final concentrations were 0-100 nM AF9-FLAG and biotin-AF4 27-mer in 10 mL of 1· PBS (pH 7.4) containing 0.1% BSA, and 0.01% Tween-20. The resulting mixtures were incubated for 90 min at room temperature. Anti-FLAG acceptor beads and streptavidin-conjugated donor beads (120 mg/mL each) were then added simultaneously in 2 mL of assay buffer and incubated for 60 min. All incubations after bead addition were protected from light. AlphaScreen signals were read on a Perkin Elmer Envision Multilabel Plate Reader 2104 equipped with the AlphaScreen optical detection module using standard settings (excitation: 680 nm; emission: 570 nm). For all subsequent experiments, the following assay conditions were used: 2.4 nM AF9-FLAG and 2.4 nM biotin-AF4 27-mer in 10 mL assay buffer, followed after 90 min by the addition of 2 mL of 120 mg/mL donor and acceptor beads, to give a final bead concentration of 20 mg/mL in 12 mL.
Once optimal concentrations of peptide and AF9 were determined, two timecourse experiments were performed. The kinetics of the interaction between AF9 and biotin-AF4 27-mer were assessed by preincubation of biotin-AF4 27-mer and AF9 together (2.4 nM each) in 10 mL assay buffer for 0, 15, 30, 60, 90, 120, 180, and 240 min. Donor and acceptor beads (120 mg/mL) in 2 mL of assay buffer were then added simultaneously, the mixture incubated for an additional 60 min, and AlphaScreen signals read. The time course for bead capture was determined by preincubating biotin-AF4 27-mer and AF9-FLAG for 90 min in 10 mL assay buffer, and varying the incubation time after bead addition. Donor and acceptor beads (120 mg/mL) were added simultaneously in 2 mL of assay buffer, the mixture incubated for 0, 30, 60, 90, or 120 min, and then AlphaScreen signals read.
Optimization of the amount of AlphaScreen beads to reduce the cost per well while maintaining adequate standard deviation, Z 0 -factor and signal-to-background ratio (S/B) were also performed. Dilutions of AF9 and biotin-AF4 27-mer in 10 mL assay buffer were incubated for 90 min, after which varying amounts of beads (20, 15, 10, 12, 8, or 5 mg/mL final each) were added in 2 mL assay buffer. The mixture was incubated for 60 min, after which AlphaScreen signals were read. The biotinylated and nonbiotinylated AF4 27-mer peptides are derived from residues 747-774 of AF4.
c The 8, 10, and 12-mer peptides are derived from the homolog FMR2, which is closely related to AF4 and shares the AF9 interaction domain. We chose to use these peptides to replicate the results found by Srinivasan et al.
The order of addition was also tested in four sequences: (A) biotin-AF4 27-mer preincubated for 90 min with AF9-FLAG, followed by the addition of a mixture of both beads and additional 60-min incubation; (B) biotin-AF4 27-mer preincubated with AF9-FLAG for 90 min, followed by addition of acceptor beads and 60-min incubation, then addition of donor beads, and a final 60-min incubation before reading; (C) AF9-FLAG preincubated with beads for 60 min, followed by addition of biotin-AF4-27mer, and a second incubation of 90 min; and (D) biotin-AF4 27-mer, AF9-FLAG, and beads added simultaneously and incubated for 90 min before reading (Supplementary Fig. S1 ; Supplementary Data are available online at www.liebertpub.com/adt).
DMSO compatibility was evaluated by adding biotin-AF4 27-mer (in 3 mL) and AF9-FLAG (in 3 mL) to wells containing increasing concentrations of DMSO in 4 mL water/0.01% Tween-20. Biotin-AF4 27-mer and AF9-FLAG were incubated for 90 min at room temperature, followed by a 60-min bead incubation. The AF4-AF9 binding signal in the absence of DMSO (100%) was compared to the signal generated in the presence of DMSO. Final concentrations in the 12-mL assay were 2 nM biotin-AF4 27-mer, 2 nM AF9-FLAG, and 20 mg/mL each donor and acceptor beads in the assay buffer.
Saturation Binding of Biotin-AF4 27-mer to AF9-FLAG AF9-FLAG (in 3 mL assay buffer) was added to wells containing 7 mL of a series of concentrations of biotin-AF4 27-mer in assay buffer. Final concentrations of AF9-FLAG and biotin-AF4 27-mer were 0.12 nM and 0.06-12 nM (in 10 mL), respectively. Background wells contained 0.12 nM AF9-FLAG, increasing concentrations of biotin-AF4 27-mer, and 300 nM nonbiotinylated AF4 27-mer. This concentration of nonbiotinylated AF4 27-mer is sufficient to completely block the interaction of biotin-AF4 27-mer with AF9-FLAG, ensuring that the background wells measure only nonspecific binding and background counts. The binding partners were incubated for 90 min at room temperature, followed by the addition of anti-FLAG acceptor beads and streptavidin donor beads (120 mg/mL) in 2 mL assay buffer (final concentration 20 mg/mL each). After incubation in the dark at room temperature for 60 min, the AlphaScreen signal was measured on an Envision plate reader. Background signals in the presence of nonbiotinylated AF4 27-mer were subtracted at each concentration of biotin-AF4 27-mer to obtain the corrected value. The equilibrium dissociation constant (K d ) for biotin-AF4 27-mer binding to AF9-FLAG was determined using a nonlinear regression fit of the corrected data to a one-site binding model in GraphPad Prism.
Competition with Nonbiotinylated AF4 Peptide
Nonbiotinylated AF4-derived peptides of varying lengths ( Table  1) were used as control inhibitors to verify that competitive inhibition of the interaction between biotin-AF4 27-mer and AF9-FLAG could be detected. A 14-point concentration-response curve was prepared for each nonbiotinylated AF4 peptide using semilog dilution in water/0.01% Tween-20. Each concentration of peptide (in 4 mL of water/0.01% Tween-20) was added to a low-volume 384-well AlphaPlate. The remainder of the assay was performed as described in Steps 3-8 in Table 2 . The final concentrations of a nonbiotinylated AF4 peptide in the 10 mL AF4-AF9 binding assay were 3.6 pM-3.6 mM. In the peptide competition assay, the control (equivalent to highest signal) refers to biotin-AF4 27-mer and AF9 in the absence of the nonbiotinylated peptide. The background (equivalent to lowest signal) refers to biotin-AF4 27-mer in the absence of AF9. Step Notes 1. Water with 0.01% Tween-20 (or 750 nM unlabeled AF4 27-mer for low-control wells) added by BioTek reagent dispenser during the MicroSource collection screen and added by tip transfer on the Janus during the TimTec screen. The switch from BioTek to Janus reagent dispensing resulted in improved assay statistics ( Table 3) . 3. Added 8 nM biotin-AF4 27-mer peptide in 2.3 · PBS buffer. Final concentration 2.4 nM in 10 mL assay volume before bead addition. 4. Added 8 nM FLAG-AF9 in 1· PBS buffer. Final concentration 2.4 nM in 10 mL assay volume before bead addition. AF9 is a highly disorganized protein prone to aggregation. It is added last because it is stabilized by binding to AF4. 5. Plates were sealed during the incubation period. 6. Beads were premixed and added simultaneously in 1· buffer under subdued lighting. For the MicroSource collection screen, beads (120 mg/mL each, final concentration 20 mg/mL in 12 mL) were added by reagent dispenser. For the TimTec screen, beads (48 mg/mL each, final concentration 8 mg/mL in 12 mL) were added by tip transfer on the Janus. 7. Plates were sealed during the incubation period. DMSO, dimethyl sulfoxide; PBS, phosphate-buffered saline. Table 2 describes the step-by-step screening protocol. The MicroSource Spectrum collection was screened for inhibition of the AF4-AF9 binding interaction at a single concentration (20 mM); no replicates were performed. Compounds were diluted to 4 mM in DMSO, and 50 nL was transferred using a Janus MDT Automated workstation (Perkin Elmer) fitted with a hydrophobic pintool (V & P Scientific, San Diego, CA) into assay plates containing 4 mL of water/0.01% Tween-20. Biotin-AF4 27-mer (3 mL in 2.3· assay buffer) and AF9-FLAG (3 mL in 1· assay buffer) were added using a Janus MDT Automated workstation. Final concentrations for the AF4-AF9 binding step were 20 mM test compound, 2.4 nM AF9-FLAG, and 2.4 nM biotin-AF4 27-mer in 10 mL of assay buffer. The plates were incubated at room temperature for 90 min, followed by the addition of a mixture of anti-FLAG-coated acceptor and streptavidin-conjugated donor beads (120 mg/mL each in 2 mL) to give a final concentration of 20 mg/mL in 12 mL total volume. Assay plates were incubated at room temperature for an additional 60 min under subdued lighting; high levels of ambient light can result in a significant decrease in signal. AlphaScreen signals were measured on the Envision plate reader.
MicroSource Spectrum Collection Screen
Each plate contained 32 replicates of controls (columns 1 and 23) and background (columns 2 and 24). The control wells (100% signal, 0% inhibition) consisted of 2.4 nM biotin-AF4 27-mer and 2.4 nM AF9-FLAG; the background wells (0% signal, 100% inhibition) also contained 300 nM inhibitor (nonbiotinylated AF4 27-mer peptide). This inhibitor concentration was chosen from a dose-response curve (shown in Fig. 5 ) as the concentration that completely abolishes signal. Concentrations are based on a volume of 10 mL in the AF4-AF9 binding assay before the addition of beads. Assay plates (containing compounds) were sandwiched between quality control (QC) plates that consisted of 16-point serial dilutions of the nonbiotinylated AF4 27-mer (5 mM-3 pM) in the presence of biotin-AF4 27-mer and AF9-FLAG.
Compounds selected as actives in the initial screen at 20 mM were re-evaluated in dose-response in triplicate. A range of concentrations (10 mM-305 nM) of each compound of interest was prepared by 16-point 2-fold serial dilution in DMSO. Each compound dilution was added by 50 nL pintool, and the assay was performed under identical conditions to the initial pilot screen. The final concentration range for compounds in the assay was 50 mM-1.5 nM. Serially diluted nonbiotinylated AF4 27-mer was added by pintool to columns 3 and 22 of each plate as a QC (final concentration: 3 fM-500 nM in the 10 mL binding assay).
Biotin-FLAG Counterscreen
Actives from the initial screen were also counterscreened in parallel with the binding assay, as dose-response (in triplicate) using a biotin-FLAG peptide (Perkin Elmer) in place of biotin-AF4 27-mer and AF9-FLAG as the linker between anti-FLAG acceptor beads and streptavidin-coated donor beads. Any compounds that caused a decrease in counterscreen signal were considered artifacts that interfere with either AlphaScreen signal generation or bead capture. The same set of compounds that were serially diluted for doseresponse confirmation in the AF4-AF9 binding assay were delivered by pintool and assayed under identical conditions to the binding assay. In place of biotin-AF4 27-mer peptide and AF9, 6 mL of biotin-FLAG peptide in 1.67 · assay buffer was added to give a final concentration of 7.5 nM in 10 mL. This concentration provided a signal equivalent to the highest signal observed for the AF4-AF9 assay. Control (100% signal) comprised 7.5 nM biotin-FLAG in the absence of compounds; for the background (0% signal), the buffer was substituted for biotin-FLAG.
TimTec NPL and NDL Collection Screen
Compounds were screened, and actives were confirmed at 10 mM under identical conditions to the MicroSource pilot screen. QC plates containing 320 wells of nonbiotinylated AF4 27-mer (14 nM, final concentration before bead addition) in the presence of biotin-AF4 27-mer and AF9-FLAG were included. Active compounds were retested in triplicate at a single concentration (10 mM in a 10-mL assay volume) in the AF4-AF9 binding assay and the counterscreen assay using biotin-FLAG from Perkin Elmer. Compounds confirmed as active in the AF4-AF9 binding assay and inactive in the counterscreen were further evaluated in dose-response in both assays as described for the MicroSource Spectrum collection screen. The counterscreen in doseresponse was performed using biotin-FLAG from Biomatik.
Data Analysis
AlphaScreen signals were converted to percent activity (Eq. 1) for dose-response data analysis, and further to percent inhibition (Eq. 2) for analysis of primary screening data by normalizing to plate controls.
Percent activity = 100
CPS compound -CPS AVG Background CPS AVG Control -CPS AVG Background
Percent inhibition = 100 -percent activity
S/B (Eq. 3) and Z 0 -factors (Eq. 4), measures of assay performance,
were determined using equations previously described.
where l and r represent the mean and standard deviation, respectively. Dose-response curves and IC 50 s were generated using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA).
RESULTS
Development of 384-Well-Format AlphaScreen Assay
This study aimed to establish a high-throughput assay to screen for inhibitors of the interaction between the transcription factors AF4 and AF9. To this end, we designed an assay that measures binding between a biotinylated peptide derived from the AF9-binding site of AF4 (biotin-AF4 27-mer; Table 1 , key binding residues in bold type) and FLAG-tagged AF9 protein (full-length). The protein-peptide interaction is detected by AlphaScreen upon the addition of streptavidincoated donor beads and anti-FLAG-coated acceptor beads (Fig. 1B) .
AF9-FLAG and biotin-AF4 27-mer were cotitrated to establish the optimal concentrations and determine assay sensitivity (Fig. 2) . Maximal signal (known as the hook point 20, 21 ) was reached at 36 nM biotin-AF4 peptide or 12 nM AF9-FLAG, respectively, in the presence of a fixed concentration of the other binding partner, above which bead saturation results in decreased signal. Background remained constant in both biotin-AF4 peptide and AF9 titrations, while S/B increased up to the hook point. For subsequent assays, 2.4 nM each of biotin-AF4 27-mer and AF9-FLAG was used, because these concentrations provided a robust signal and are well below the binding capacity of the beads. (The theoretical binding capacity for 20 mg/mL beads is reported by Perkin Elmer to be 100 nM and 30 nM, for anti-FLAG acceptor and streptavidin donor beads, respectively. However, because the size and affinity of the binding partners influence the bead-binding capacity, it is more appropriate to rely upon the experimental determination of the hook point as a measure of bead saturation for a particular assay.
22 ) The kinetics of the interaction between AF9 and biotin-AF4 27-mer were also assessed. Timecourse experiments demonstrated that equilibrium binding between biotin-AF4 27-mer and AF9 was reached after 90 min (Fig. 3A) . Since the length of bead incubation and order of reagent addition can have a significant impact on assay sensitivity, these parameters were also investigated ( Supplementary  Fig. S1 summarizes the different order of addition protocols). Maximal signal was achieved when biotin-AF4 27-mer and AF9-FLAG were allowed to preincubate for 90 min, followed by a 60-min incubation with a mixture of the anti-FLAG and streptavidin beads (Fig. 3B) . A drop in signal was observed when the beads were added immediately to AF9-FLAG before addition of biotin-AF9 27-mer, or when biotin-AF4 27-mer and AF9-FLAG were combined simultaneously with anti-FLAG and streptavidin beads (Fig. 3C) . After optimization of incubation periods and order of addition, a saturation binding experiment was performed. Binding of biotin-AF4 27-mer to AF9-FLAG was saturable with an apparent K d of 0.52 nM (95% confidence interval: 0.41-0.63 nM; Fig.  3D ). A similar high affinity (K d = 0.17 nM) was reported by Leach et al., 23 using fluorescence anisotropy to measure binding between a slightly shorter AF4 peptide (residues 758-778) and the ANC1 homology domain of AF9 (residues 490-568) fused to a maltose-binding protein.
The assay buffer was optimized to increase the S/B. AF4-AF9 binding was evaluated in Tris, phosphate, and HEPES buffers from pH 7-9. Buffers with high-and low-salt conditions were also investigated (data not shown). PBS (pH 7.4) was ultimately determined to provide the most robust conditions. BSA (0.1%) and 0.01% Tween-20 were included in the buffer to minimize nonspecific binding and reagent or compound aggregation, respectively. Additionally, since compound libraries are stored in DMSO, we determined the compatibility of DMSO with the assay. AF4-AF9 binding signals were unaffected by up to 0.5% DMSO (Fig. 3E) .
To explore ways to decrease reagent costs, we evaluated the effect of reducing the final concentration of AlphaScreen beads below the 20 mg/ mL recommended by Perkin Elmer. Figure 4A shows that the magnitude Fig. 2 . AF9 protein and biotin-AF4 27-mer titrations. (A) Titration of biotin-AF4 27-mer against a fixed concentration of AF9-FLAG (3.6 nM) gave a maximal signal at 36 nM biotin-AF4 27-mer. Above 36 nM, the so-called hook point, a decrease in signal and S/B was observed consistent with bead saturation. (B) Titration of AF9-FLAG against a fixed concentration of biotin-AF4 27-mer (3.6 nM) gave a maximal signal and S/B at 12 nM AF9-FLAG. Values = mean -SEM; n = 3. S/B, signal-tobackground ratio.
of both control and background signals was reduced at lower bead concentrations, resulting in no overall change in S/B. Calculation of Z 0 -factors at bead concentrations of 8 and 20 mg/mL showed an improvement in assay robustness at the lower bead concentration (Fig. 4B) . These two different bead concentrations were further evaluated during pilot screening; the MicroSource library was screened using 20 mg/mL beads, whereas the TimTec library was screened using 8 mg/mL (see Screen of the TimTec NPL and NDL Collections).
Finally, stability studies were undertaken to ensure that beads, biotin-AF4 27-mer, and AF9-FLAG would be stable for the extended periods of time necessary for liquid-handling protocols. Each of the reagents in turn was allowed to stand at room temperature for 0-160 min after which the AF4-AF9 binding assay was run under standard conditions. There was no observed loss in activity for any of the reagents up to 160 min (data not shown).
Competition Experiments with Nonbiotinylated AF4 Peptides
To demonstrate specificity and reversibility of AF4 peptide binding to AF9, we performed a competition experiment with nonbiotinylated peptides of varying lengths ( Fig. 5 and Table 1 ). Nonbiotinylated AF4 27-mer effectively competed with biotin-AF4 27-mer. Applying a sigmoidal dose-response model gave an IC 50 of 2.7 nM. As the length of the nonbiotinylated AF4 peptide decreased, the IC 50 increased: a 12-mer peptide gave an IC 50 of 5.8 nM, and a 10-mer peptide gave an IC 50 of 13.2 nM, whereas truncating the sequence to 8 amino acids abolished activity entirely. Changing only two residues of the 12-amino-acid peptide also completely abolished activity. This potency ranking correlates well with the data reported by Srinivasan et al. The order of addition was tested in 4 sequences: (A) biotin-AF4 27-mer preincubated for 90 min with AF9-FLAG, followed by the addition of a mixture of both beads and additional 60 min incubation, (B) biotin-AF4 27-mer preincubated with AF9-FLAG for 90 min, followed by addition of acceptor beads and 60-min incubation, then addition of donor beads, and a final 60-min incubation before reading, (C) AF9-FLAG preincubated with beads for 60 min, followed by addition of biotin-AF4 27-mer, and a second incubation of 90 min; and (D) biotin-AF4 27-mer, AF9-FLAG, and beads added simultaneously and incubated for 90 min before read. (D) The dissociation constant was determined for the peptide-protein interaction using 0.12 nM AF9 and 0.06-12 nM biotin-AF4 27-mer in 10 mL prior to bead addition. Background wells also included 300 nM nonbiotinylated AF4 27-mer. Values from background ranged from 320 to 650 cps and were subtracted from the totals to get the corrected value. Measurements were made in triplicate, and the mean -SD (n = 3) are plotted. Plots show values after background subtraction. The apparent K d was calculated as 0.52 nM. (E) DMSO compatibility was evaluated by incubating biotin-AF4 27-mer and AF9-FLAG in the presence of varying concentrations of DMSO for 90 min, followed by 60-min bead incubation. The AF4-AF9 binding signal in the presence of DMSO was expressed as a percentage compared to the signal generated in the absence of DMSO. For panels A-E, the final concentrations in the 12-mL assay were 2 nM Biotin-AF4 27-mer, 2 nM AF9-FLAG, and 20 mg/mL each of donor and acceptor beads in the assay buffer. In all graphs (unless otherwise noted), values = mean -SD; n = 6; and arrows indicate final assay conditions.
To evaluate the reproducibility of the assay response to inhibition between plates and from one screening run to the next, QC plates were placed at the beginning and end of each screening run. During pilot screening of the MicroSource library, QC plates were set up containing 16-point serial dilutions of nonbiotinylated-AF4 27-mer in the presence of biotin-AF4 27-mer and AF9-FLAG. Serially diluted nonbiotinylated AF4 27-mer (500 nM-3 fM) was also included in columns 3 and 22 of each MicroSource dose-response plate as an internal QC. Figure 6 shows high concordance between the IC 50 values observed in a series of 9 MicroSource dose-response plates. The control titration of the nonbiotinylated AF4 inhibitor on these plates yielded an interplate average IC 50 of 3.23 -1.5 nM and a minimum significant ratio (MSR) of 1.62, indicating a highly stable run according to the definition given by Eastwood and coworkers. 24 (One is the best possible ratio. An MSR of < 4 suggests an assay with high test-to-test dose-response reproducibility). During TimTec screening, assay plates were sandwiched between QC plates containing 320 wells of 27-mer peptide at a single concentration expected to give 70-80% inhibition based on the calculated IC 50 (Supplementary Fig. S2 ).
Screen of the MicroSource Spectrum Collection
To validate that the AF4-AF9 binding assay was suitable for HTS, a pilot screen was undertaken using an assay protocol adapted for automated liquid handling ( Table 2 ). The MicroSource Spectrum 6 . Plate-to-plate variability. Graph compares results for a 16-point dose-response quality control that was included in columns 3 and 22 of all 9 MicroSource dose-response plates (n = 18). These wells contained 2.4 nM biotin-AF4 27-mer, 2.4 nM AF9-FLAG, and 500 nM-3 pM nonbiotinylated AF4 27-mer. Data points represent a single IC 50 determination. Solid line represents mean IC 50 , and dashed lines represent 1 SD from the mean. library of 2,000 drugs and natural products was screened for inhibitors of the AF4-AF9 interaction at 20 mM. The assay performed adequately over the 8-plate screen giving a median Z 0 -factor of 0.53 (Table 3) . The median percent coefficient of variation (CV) for the controls within each of the eight plates was 13.8% with an S/B of 19. Based on the CV for the controls (0% inhibition) averaged across all eight plates (14.5%), the threshold for hit selection was set at 45% inhibition. Inhibition values >45% were considered to be statistically significant, since they differ from the mean control by >3 standard deviations. Forty-five compounds met this threshold (2.25% hit rate) and were retested for AF4-AF9 inhibition in dose-response using 2-fold serial dilutions from 50 mM down to 1.5 nM. These hits were also tested in a parallel counterscreen in which biotin-AF4 27-mer and AF9-FLAG were replaced by a biotin-FLAG peptide. Compounds active against both the AF4-AF9 screen and the biotin-FLAG counterscreen were considered artifacts that interfered with bead capture or AlphaScreen signal generation. Thirty-six compounds gave an IC 50 <50 mM against AF4-AF9. Of those compounds, 13 were inactive (<20% inhibition at 50 mM) in the biotin-FLAG counterscreen, yielding a confirmed hit rate of 0.65% (Fig. 7) .
Screen of the TimTec NPL and NDL Collections
Based on our experience screening the MicroSource collection, several parameters were changed for screening of the TimTec collection of 3,680 natural product and natural product-derived synthetic compounds in the AF4-AF9 binding assay. To improve CVs and Z 0 -factors, we changed the instrument used for reagent addition and further optimized the Envision plate reader for AlphaScreen detection. In the MicroSource collection screen, a BioTek reagent dispenser was used to add water/Tween before compound delivery and to dispense the AlphaScreen beads after peptide-protein binding. For lower-volume dispenses (0-5 mL), we consistently found that CVs were better with the Janus compared to the BioTek ( Table 3) . Consequently, for the TimTec screen, all reagents were added using disposable tips on a Janus MDT Automated workstation. We also reduced the final concentration of AlphaScreen beads in the assay from 20 to 8 mg/mL. This change was primarily intended to save reagent costs, but our TimTec screening results appeared to confirm our earlier finding that lowering the bead concentration improved the Z 0 -factor (Fig. 4B) . Overall assay statistics for the TimTec screen were considerably improved over the MicroSource collection screen ( Table 3 and Fig. 8 ). We confirmed that changing the bead concentration did not affect the assay response by comparing all dose-response curves for nonbiotinylated AF4 27-mer obtained during the MicroSource and TimTec screens. We observed no significant difference in IC 50 s between the two different bead concentrations ( Supplementary Fig. S3 ).
After encountering a high initial hit rate of 2.25% in the MicroSource screen and attrition of >60% of these hits after counterscreening to eliminate artifacts, we modified our strategy during the TimTec screen to exclude the hits that interfere with assay detection. Rather than retesting all initial hits in dose-response, we immediately followed the single-point screen at 10 mM with retesting of hits at 10 mM in triplicate in both the AF4-AF9 screen and the Biotin-FLAG counterscreen. Following the same strategy used for the MicroSource The table above represents the median and range for the average plate control cps for a total of n = 8 (MicroSource) or 15 plates (TimTec).
CV, coefficient of variation; S/B, signal-to-background ratio. Fig. 7 . Summary schematic for hit identification process. MicroSource and TimTec libraries were screened using the AlphaScreen AF4-AF9 binding assay. After counterscreen and evaluation by dose-response, we identified 18 confirmed hits (one of which was independently identified in both libraries).
library and screening the 131 hits from the TimTec library in doseresponse for both the AF4-AF9 screen and Biotin-FLAG counterscreen would have required 48 plates. With the modified screening strategy (Fig. 7) , the number of plates for confirmation, counterscreen, and dose-response in the AF4-AF9 assay and counterscreen was reduced to 12.
Screening of the TimTec library at 10 mM resulted in 131 hits with <36% inhibition. The hit threshold was derived from the percent CV for the mean of the controls on each plate. These CVs ranged from 6.4% to 12.6% (Table 3) , so a hit threshold of 36% was selected to be *3 times the maximum percent CV. QC plates containing 14 nM AF4 27-mer (final concentration before bead addition) had an average of 81% inhibition (SD = 3.5%). Confirmation and counterscreen of hits at 10 mM in triplicate resulted in 46 compounds confirmed for inhibition >36%; of these, 14 appeared to be selective for inhibition of AF4-AF9 as compared to the biotin-FLAG counterscreen (selectivity was defined as follows: inhibition of AF4-AF9 assay -inhibition of counterscreen >20%. The threshold was set at >20% difference in inhibition, since this represents 3 times the maximum CV [6.7%] for the biotin-FLAG counterscreen controls.). Dose-response testing of these 14 compounds revealed 10 compounds with IC 50 <50 mM. These 10 compounds were also tested in dose-response in the counterscreen, and 6 were found to be inactive (<20% inhibition at 50 mM), giving a confirmed hit rate of 0.16%. These results showed that initial counterscreening at a single concentration was effective in identifying 6 Fig. 9 . Dose-response curves for MicroSource and TimTec hits. Data points represent the percent activity in the AF4-AF9 binding assay (-) and biotin-FLAG counterscreen (B). Dose-response curves were fitted using one data point per concentration per plate; plates were run in triplicate to obtain 3 independent IC 50 determinations. The mean value of IC 50 s from these curves are reported in Table 4 . hits confirmed by dose-response to be selective for AF4-AF9 binding; although an additional 4 compounds appeared selective when tested at a single concentration, these were subsequently shown by doseresponse testing to be artifacts inhibiting both the AF4-AF9 binding assay and the counterscreen (Fig. 7) .
Confirmed Hits from the Two Pilot Screens
Overall, the MicroSource and the TimTec library screens revealed 13 and 6 confirmed hits, respectively. Compound 6 was present in both libraries and identified as active in both screens. Compound 10, the salt form of compound 6, was also present and active in the MicroSource screen. Thus, the total number of structurally unique hits with IC 50 < 50 mM was 17 after screening of 5,680 compounds and eliminating artifacts that interfered with the assay readout. Representative IC 50 curves for the most potent hits that were selective for the AF4-AF9 binding assay over the biotin-FLAG counterscreen are shown in Figure 9 . The mean compound IC 50 values are listed in Table 4 , and structures are shown in Figure 10 . Structure searching in PubChem revealed that screening data have been deposited for 13 out of the 18 compounds listed in Table 4 . The PubChem activity profile indicates the frequency with which these compounds have been found to be active against other targets. The promiscuity index as defined by Schurer et al.
25 ranks cross-screen activity on a scale from 0 to 1; the lower the value, the greater the selectivity of the compound for a small number of targets. Using a promiscuity index threshold of 0.05, five compounds listed in Table 4 are selective, while eight are promiscuous. The eight promiscuous compounds are active in >5% of the screens in which they have been tested, and will be excluded from further study.
Confirmed AlphaScreen Artifacts
As described above, compounds active against both the AF4-AF9 screen and the biotin-FLAG counterscreen were considered artifacts that interfered with bead capture or AlphaScreen signal generation. To analyze further the nature of these artifacts and their prevalence in AlphaScreen-based HTS, we examined their structures and searched PubChem for activity in similar assays. This analysis was focused on hits from the MicroSource library, as most of these compounds are wellrepresented in PubChem. Screening data have not been reported for the majority of the TimTec compounds, so these were not analyzed further. Table 5 lists 19 compounds that were active in both the HTS assay and the counterscreen, and gave IC 50 < 50 mM in the latter. Structures are shown in Figure 11 , grouped by five compound types as indicated in the figure and the table. In the case of four of the compounds, the mechanism by which they interfere with AlphaScreen detection is clear: compound 19, biotin, disrupts capture of the biotinylated peptide by the streptavidin beads; and compounds 20, 21, and 23 are all highly colored and suppress luminescence by the inner filter effect. These types of AlphaScreen artifact have been well documented in the academic and vendor literature. 20, 22, 26 The remaining compounds do not stand out so obviously as likely artifacts, but several possess structural features that may be problematic. A total of seven compounds (including compounds 20, 21, and 23 mentioned above) contain amino-or azo-benzene moieties, and a further three are quinone derivatives. These may undergo redox chemistry that can interfere with AlphaScreen signal generation. 20, 22 Tertiary aminobenzene derivatives have been reported as AlphaScreen artifacts due to quenching of singlet oxygen, which is essential for energy transfer between donor and acceptor beads. 26 These types of compounds are notorious for interfering with other types of assays as well, as indicated by their promiscuity index values listed in Table 5 ; all but one of the amino-and azo-benzenes and quinones were reported active Figure 10 . in >15% of PubChem screens. The remaining compounds in Table 5 are more heterogeneous, and may be broadly classified as conjugated aromatics or heterocycles. One of these compounds (compound 30) has not previously been reported as active, while the remaining compounds were less promiscuous than the amino-and azobenzenes and quinones, but nevertheless were active in between 6% and 16% of PubChem screens.
To determine whether the counterscreen hits are likely to interfere routinely with AlphaScreen, we identified 6 assays in PubChem that used AlphaScreen to monitor the protein-peptide interactions. In all 6 cases, quantitative HTS (qHTS) was run at the National Institutes of Health Chemical Genomics Center, generating IC 50 values for the entire screening library. Fourteen out of the 19 compounds listed in Table 5 were tested in at least 2 out of the 6 assays. In almost all cases, measurable IC 50 values were obtained. The data contain some outliers, so for each compound, a median IC 50 was calculated rather than the arithmetic mean. Eleven compounds gave median IC 50 values ranging from 0.8 to 60.5 mM. The remaining 3 compounds were inactive in several of the assays, so a lower limit ( >50.8, >56.6, and >57 mM, for compounds 24, 34, and 29, respectively) may be placed on the median, but not an exact value. The ratio of median PubChem IC 50 / counterscreen IC 50 was calculated to determine the extent of correlation between the data sets. In all but one case, the PubChem IC 50 values were higher than the counterscreen IC 50 s. In the majority of cases, the ratio was <3, although five of the most potent compounds in the counterscreen were between 4.8-fold and 32.5-fold less active in the PubChem screens. Some discrepancy is not unexpected, because the compounds in the PubChem screens were obtained from different sources than the MicroSource compounds reported here. Overall, given the differences in the assay design and compound source, the correlation between the counterscreen and PubChem data is quite strong (at least qualitatively), supporting the conclusion that the 19 compounds in Table 5 are commonly encountered AlphaScreen artifacts and not target-directed inhibitors.
DISCUSSION
We have established an HTS-compatible assay for identification of small-molecule compounds that modulate the interaction between MLL-AF4 and the transcription factor AF9 using the AlphaScreen Ò technology. The assay is robust and sensitive with Z 0 -factor values >0.5. HTS assay readiness was demonstrated by screening this assay against 5,680 pharmacologically active compounds, natural products, and natural product-derived synthetic compounds from MicroSource and TimTec libraries. Hits were confirmed by dose-response, and artifacts were identified and eliminated through counterscreening against a biotin-FLAG control peptide.
AlphaScreen is a versatile and sensitive technology for the detection of the protein-protein and protein-peptide interactions. Ultimately, assays can be sufficiently robust for large HTS campaigns. However, extensive and careful optimization is required. The optimal sequence length of the biotinylated peptide must be determined empirically. While some published methods use biotinylated peptides as short as 13 amino acids, 27 others require longer peptides to see a robust signal. The linker, or nonbinding, sequence length must accommodate opposing factors such as steric hindrance by bound Table 4 . beads and proximity required for singlet oxygen transfer. In our case, initial tests with a 12-amino-acid biotinylated AF4 peptide were unsuccessful; hence, we subsequently selected a 27-amino-acid peptide derived from the AF9-binding region of AF4. AlphaScreen is also affected by ambient lighting conditions and changes in temperature. The beads are sensitive to intense light or long exposure to ambient light, a problem that is resolved by handling the beads in the dark or under subdued or green filtered lighting conditions. Temperature can influence the equilibrium binding of antibodies and analytes and the chemical generation and transfer of singlet oxygen. Perkin Elmer notes that changes in signal can be as high as 10% per degree Celsius, 20 and consistent with this, we found that it is important for the temperature in the plate reader to be very close to the temperature at which the plates are incubated before reading. Even after optimization, the assay is prone to compound effects unrelated to the targeted protein-peptide binding interaction. The susceptibility of AlphaScreen to artifacts interfering with bead capture or energy transfer was evident from the high primary hit rate obtained in both pilot screens. However, with a simple counterscreen using a reagent that contains both bead capture tags in a single molecule, it is possible to readily identify these artifacts and exclude them from further study. Using a biotin-FLAG peptide, we were thus able to eliminate 60% of the hits. A search for compound activity in related assays in PubChem provided further evidence that the counterscreen hits are indeed artifacts that repeatedly disrupt HTS using AlphaScreen. Activity attributed to these compounds and structurally related analogs in future HTS should therefore be treated with caution.
Counterscreening confirmed that 18 hits are not AlphaScreen artifacts and therefore disrupt the binding of AF4-derived peptide to AF9 protein. However, it cannot be assumed that the inhibition of the AF4-AF9 interaction shown by these compounds is mediated through binding to the intact AF9 protein. Although we included BSA and the detergent Tween-20 in the assay buffer to minimize the likelihood of compound aggregation, protein denaturation, or other nonspecific effects, these cannot be ruled out without further characterization of the interaction of the hits with AF9. Important evidence for selective inhibition of AF4-AF9 binding Table 5 .
will come from direct measurement of compound binding to the AF9 protein. This will serve as a useful alternative assay to confirm inhibition results observed in the AlphaScreen assay. We are currently working with the Broad Institute (Cambridge, MA) to develop a thermal-shift assay, 28 and we are also evaluating other label-free methods capable of detecting small-molecule binding to AF9. For hits to be useful as chemical probes to explore the biology of MLL-R leukemia and to be advanced as potential therapeutic leads, it is essential that they selectively disrupt MLL-AF4 binding to AF9 in MLL-R leukemia cells. Hemenway and coworkers have shown that cellpenetrating peptides derived from AF4 disrupt the AF4-AF9 interaction and cause cell death preferentially in MLL-R leukemia cell lines. 13, 14 Thus, AF9 binding compounds will be studied for their effect on cell viability in leukemic cell lines. Based on the peptide work in the Hemenway group, it is our expectation that AF9-binding compounds will selectively kill leukemic cells that harbor the MLL-AF4 fusion over those that do not bear the fusion. Such compounds should hold significant promise as potential therapeutic leads, and will be further advanced to animal testing in a mouse model of engrafted leukemia. 29 Successful assay development and pilot screening in our laboratory formed the basis for transfer of the primary HTS assay and secondary assays to the Broad Institute for screening against the 350,000-compound MLSMR. Hits identified from HTS at the Broad Institute and at Nemours will be characterized in a battery of biochemical and cell-based secondary assays, and the most promising chemical series will be optimized by medicinal chemistry. Ultimately, compounds identified as potent and selective hits through these endeavors may serve as leads in the development of targeted therapies for MLL-R leukemias.
